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{/ \ _‘_ a, ABSTRACT

Ol/ —ghe method of molecular mechanics is used to investigate the
E structural and electrestatic features of molecular recognition by
1/ U -cyclodextrin and cappe Q -cyclodextrin models of '0( -
9b¢/;fduchymotryp51n. Since capped ~cyclodextrin has been shown to be the
,/ﬂ m*more effective biomimetic catalyst, these features of molecular
< recognition can be interpreted in terms of the relationship between
molecular structure and catalytic function. Calculations in vacuo
show that the addition of an N-methylformamide Ycap" substituent to
each glucose unit appears to change the relative orientation of some
glucose fragments from that found in the X-ray structure of the
@ -cyclodextrin macrocycle. These results indicate that certain
structural components of molecular recognition, such as the orienta-
tion of the secondary hydroxyls and the related orientation of the
caps, may be implicated in the catalysis. v

In addition, the electrostatic component ofwﬂrﬁole.cular recognition
was investigated by the analysis of molecular electrostatic potential
maps calculated in planes parallel to the average plane of the
glycosidic oxygen atoms. The results indicate that the addition of
the caps to the é -cyclodextrin macrocycle subtly alters the pattern
of the maps in each plane. However, the general qualitative features

of electrostatic recognition by B -cyclodextrin and capped

@-cyclodextrin are similar. *




I. INTRODUCTION

Enzymatic catalysis is characterized by substrate specificity and
extraordinarily high reaction velecity. 1In an attempt to elucidate
the source of such catalytic efficiency, several laboratories are
involved in the design and synthesis of artificial enzymesl. These
relatively small, non-peptide compounds attempt to reproduce enzymatic
reaction rates and substrate specificity by mimicking the molecular
recognition features typical of enzyme-substrate interactions.
Molecular recognition2 occurs through the alignment of the complemen-
tary shapes as well as the complementary functionalities of the
interacting partners: enzyme or enzyme mimic "host" and substrate
"guest'. At long range, electrostatic interactions influence the
selection of the appropriate guest and then orient and direct the
guest into the binding site. At short range, complementarity in the
molecular shapes of the interacting partners further influences the
selection of the guest for the binding site, and leads to favorable
van der Waals interactions. In addition, the arrangement of the
functional groups of the host must complement the guest in the orien-
tation of charged residues, hydrogen bonding partners, and hydrophobic
groups.

For example, functional groups similar to the catalytic residues

of enzymes have been added to cyclic urea3'4, cyclodextrins'lo, and

crown ether11 macrocyclic templates. In these artificial enzymes, the
macrocycles provide the complexation site, while the additional
molecular architecture holds the catalytic functional groups in

position for optimal interaction with the transition state of the
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substrate. In this way, the artificial enzymes provide both shape and

functional group complementarity for the substrate.

8,12,13 5-7

Recent work in the laboratories of Bender Breslow , and

Cram3’4

has focused on the design of compounds that contain functional
groups that could mimic the action of the Serine-195, Histidine-57,
and Aspartate-102 residues of K =chymotrypsin. Some of these
compounds have been shown to approach enzymatic velocities in reac-
tions similar to the acylation and/or deacylation step in the hydroly-
sis mechanism of chymotrypsin.

For example, the Bender and Breslow groups have independently
studied inclusion complexes formed by cyclodextrin hosts and ester
guests as models of the enzyme - substrate complex formed during the
acyl transfer step initiated by the Ser-195 of chymotrypsin. Bender
and coworkersl3 demonstrated that (2 -cyclodextrin causes a distinct
stereoselective acceleration of phenol release from a series of
substituted phenyl acetates in alkaline solution. However, the
largest rate increase obtained was only 250 times that for
nucleophilic attack by a hydroxide ion in the absence of cyclodextrin
-- significantly less than enzymatic velocity. However, much improved
rates have been demonstrated by the Bender group with an extension of
this model to include the imidazole and carboxylate functionalities
typical of the catalytic triad of chymotrypsin. This model,

6} -benzyme, has been shown to catalyze the hydrolysis of esters
twice as fast as chymotrypsins.

In a different direction, by altering the cyclodextrin binding
cavity by "capping"” each of the seven glucose units with N-methyl-

. . . 5
formamide and N-ethylformamide substituents, Breslow and coworkers




have improved the rate of acyl transfer by a factor of 103‘ Data from
binding and kinetic studies indicates that these "caps" form an
intrusive floor which blocks one face of the cyclodextrin cavity from
entrance by a substrate and that the floor extends up into the cavity
to provide additional binding surfaces for the substrates. This
suggests that "capping" makes the cavity shallower, positioning the
acyl group of the substrate in a more optimal orientation for interac-
tion with a secondary hydroxyl group on the rim of the cavity.
Improved rates of 107 compared to unfunctionalized cyclodextrin have
also been exhibited by optimization of the substrate geometry to fit
the cyclodextrin cavity5-7. In these cases, the rate increase was
attributed to an improvement in the geometry of the complex to ap-
proach that of the transition state.

As part of a concerted program in this laboratory to study
enzymatic catalysis at the molecular 1level by investigating both
molecular recognition and the energetics of binding in artificial
enzyme systems, we present here our initial studies on molecular
recognition by (3 -cyclodextrin models of chymotrypsin. In this
paper, we focus on the relationship between the molecular structure of
N-methylformamide “capped" G -cyclodextrin (hepta-N-methylformamide

(3 -cyclodextrin) and its function as a biomimetic catalysts. we use
the method of molecular mechanics to investigate the effect of "cap-
ping” on the conformation of the @ -cyclodextrin macrocycle in order
to determine: (1) The molecular structure (shape and extent) of the
intrusive floor; (2) The relative flexib.lity of the glycosidic

linkages of the macrocycle; (3) The orientation of the secondary

hydroxyl groups around the rim of the macrocycle; and (4) The

- TN -
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electrostatic recognition pattern displayed by the mimic to the
approaching substrate. We have used molecular mechanics previous-

ly14-18

to investigate molecular recognition by a series of four
cyclic urea compounds designed by Cram and coworkers3'4 to be "incre-
mental partial mimics" of chymotrypsin. The initial studies described
here involve the determination and testing of force field parameters
necessary to the description of the i} -cyclodextrin and
hepta-N-methylformamide G -cyclodextrin models. The calculaticns
are carried out in vacuo. The effect of solvent on molecular confor-
mation and the energetics of substrate binding will be the subject of

future publications.

II. METHODS

A. Model Building
@ -cyclodextrin (B-CD) and hepta-N-methylformamide (“ -
cyclodextrin (capped B-CD) were analyzed as models of the active site
of chymotrypsin. The initial structures of the mimics used as input

to the molecular mechanics program AMBER (Assisted Model Building with

Energy Refinement)19 were built using interactive computer graphics

and the molecular modeling facility of Chem-xzo. The modeling was

carried out on an Advanced Electronics Design 767 color raster graph-
ics terminal interfaced to a VAX 11/785-750 cluster. The starting
structure for the B-CD macrocycle used in the conformational analysis
was obtained from the X-ray crystal structure of B-CD complexed with

1,4-diazabicycleol2.2.2)octane in the presence of 13 water molecules21

obtained from the Cambridge Crystallographic Databasezz.

U
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The first step in the AMBER analysis of B-CD and capped B-CD
required the construction of a PREP file containing atomic point
charges and "dummy" coordinates for a standard glucose or capped
glucose fragment. The coordinates of a glucose fragment (Figure 1)
were taken from the X-ray structure of the ol-— cyclodextrin (A-CD)
complex with 1-propanolz3. Hydrogen atom positions were added using

Chem-X. This structure was used as input to the GaussianBO-UCSF24

program in order to obtain STO-3G united atom "potential-derived"25
atomic point charges for the glucose fragment.
- Since no X-ray nor NMR data were available for the structure of
capped B-CD, thce geometry of the N-methylformamide substituent was
built as follows. The geometry of the N,N-dimethylformamide molecule
was built from standard bond angles and bond lengths, and then opti-
mized using the MNDO (Modified Neglect of Diatomic Differential
Overlap)26 method as implemented in the MOPAC program27. The capped
glucose fragment was constructed by: (1) deleting the C6~06-H6 frag-
ment from glucose and a hydrogen from a carbon atom of N,N-di-
methylformamide; (2) formimg a bond of length 1.497 % between the ¢S
of the glucose fragment (described above) and the carbon atom of the
formamide fragment (Cé in Figure 2); and (3) setting the C5-C6-N& bond
angle equal to 109.5°, and the C6-N6-C7 and C6-N6-C8 bond angles to
120.0°. This structure was used as input to Gaussian80-UCSF in order
to determine STO-3G united atom potential-derived charges for the
capped glucose fragment.

The LINK module of AMBER was used to connect the seven fragments

into a macrocycle. The EDIT module was used to replace the set of

"dummy"” B-CD macrocycle coordinates with the coordinates from the




X-ray structure and to add hydrogen atoms at a bond length of 1.0 Z.
In the case of capped B-CD, the Cartesian coordinates of the caps were
determined by EDIT from the internal coordinates of each cap and its
position on a specific glucose fragment of the macrocycle. This
resulted in a starting structure for capped B-CD with all the caps
placed under the macrocycle (see Figure 3).

The conformational analysis was carried out with version 2.0 of
AMBER. A cutoff of 2.0 R was used for the hydrogen bonding interac-
tions. The 1-4 van der Waals and 1-4 electrostatic scaling parameters
and the dielectric constant was set equal to 1.0. The AMBER parameter
database was supplemented as described below.

B. Force Field Parameters

The AMBER force field was developed by Kollmann and coworkers tc
treat proteins and nucleic acidszs, as well as small moleculeszg'3o.
AMBER approximates the conformational energy of a molecule as the sum
of bond stretching, angle bending, torsional, van der Waals, electro-
static and hydrogen bonding interactions. However, angle bending
parameters for atom type combinations not provided in the database
were needed to describe the cyclodextrin mimics of chymotrypsin. For
example, parameters were required for the 0S-CH-OS bond angle, where
OS is the 04 glycosidic oxygen assigned to one fragment and CH and OS
are the Cl carbon and 05 ring oxygen of the neighboring fragment (see
Figures 1 and 2)J. In the AMBER definition of atom types, 0S is an

3 carbon with one "attached”

ether or ester oxygen and CH is an sp
hydrogen in the united atom approximation. Since the AMBER database

contained parameters for the central atom, CH, in a similar chemical

S — R

g

environment, C2-CH-0S, these parameters (K e = 80.0 Kcal/(mol deg}
er c"’!
GynBor
9
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and O eq = 109.5°) were used for the OS-CH-OS system. (In the
AMBER scheme, C2 is an sp3 carbon with two "attached" hydrogens in the
united atom approximation.)

For capped B-CD, bond angle bending parameters were required for
the CH-C2-N and C2-N-C3 angles (CS5~C6-N6 and C6-N6-C7 in Figure 2).

The atom type N is an srz nitrcgen in an amide group and C3 is an sp3

carbon with three "attached" hydrogens in the united atom approxima-

tion. For CH~C2-N the parameters for C2-C2-N (K & = 80.0 Kcal/(mcl
deg) and e eq = 111 2°) from the database were used; for C2-N-C3,
the parameters for TH-N-C3 (K , = 50.0 Kcal/(mol deg) and & eq =

118.0°) from the database were used.

C. Structural Superposition

In order to test the force field parameters and to investigate
the effect of the caps on the conformation of the macrocycle, the
minimized structures of B-CD and capped B-~CD were separately fit to
the coordinates of the macrocycle taken from the X-ray structure of
the B-CD complex21. Using the RMS fitting facility of AMBER, all 77
atoms {except hydrogens) of B-CD and all 70 atoms (except hydrogens
and cap substituents N6, C7, C8, and 08) of capped B-CD were fit to
the X-ray structure. Before the structural superposition, the X-ray
structure was oriented so that its glycosidic oxygens were in the x-y
plane at z = 0 k.

Since the X-ray structure was used as the starting structure for
the energy minimization, there was no ambiguity in the numbering of
the glucose fragments: fragment 1 of the X-ray structure corresponded

to fragment 1 of the calculated structure, etc. This was not the case

for the neutron diffraction structure. In order to be able to make

. s & St s




geometrical comparisons fragment-by-fragment as in the tables in the
Results Section, it was hecessary to resolve this ambiguity. The
fragments of the neutron diffraction structure were arbitrarily
numbered from 1 to 7 in consecutive order. Then the two structures
were superimposed in seven different ways: (1) fragment 1 (calculated
structure) fit to fragment 1 (neutron diffraction structure), fragment
2 to fragment 2, etc.; (2) fragment 1 to fragment 2, fragment 2 to
fragment 3, etc.; and so on. From the structural superposition which
gave the lowest standard deviation (0.6666) in the root mean square
fit, the glucose fragments of the neutron diffraction structure were
renumbered to coincide with the numbering scheme of the calculated
structure. This numbering scheme is used to present the geometrical
information for the rneutron diffraction structure in the tables.

D. Molecular Electrostatic Potential

The molecular electrc-static potential was approximated by the
Coulombic interaction between a positive point charge and the static
charge distribution of the mimic, modeled by the potential-derived
atemnic point charges positioned at the nuclei. The maps were calcu-
lated for the B-CD and capped B-CD macrocycles taken from the struc-
tural superposition of Section C. In this orientation, the coordi-
nates of the caps and of the primary hydroxyl groups have positive 2z
values, while the secondary hydroxyls have negative 2z values. In
order to see how the electrostatic recoqnition pattern of the binding
site changed as a substrate approached the secondary hydroxyls from
the negative z direction, maps were calculated for a series of x-y
planes with negative z values. The Chem-X "Set Dummy" command was

used to define the coordinates of a centroid (dummy atom) as the
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average X, y, and z positions of the glycosidic oxygens of the mimic.
The z-coordinate of the dummy atom was changed from -6.0 & to 0.0 € in
increments of 2 X. At each new z-value, the molecular electrostatic
potential contour map was calculated by using the "Set Map" facility
of Chem-X in which pocints of equal energy are connected to produce the
contours on the map. The contour levels chosen were ~50, -30, -10, 0,
10, 30, and 50 Kcal/mol.

III. RESULTS

A. Energy Minimization

The results of the energy minimization of the B-CD and capped
B-CD mimics of A -chymotrypsin are presented in Table I. A compar-
ison of the component energies of B-CD (first row) and capped B-CD
(second row) indicates that the van der Waals component of the total
energy is significantly more negative for ca:ped B-CD than for B-CD.
The 1-4 van der Waals term is also larger (more positive) for capped
B-CD. The bond stretching, bond angle bending, and hydrogen bonding
energies, however, are approximately the same for both mimics. This
trend is expected since the addition of the cap substituents provides
the potential for additional van der Waals interactions.

The largest difference in energy between the mimics occurs in the
electrostatic and 1-4 electrostatic terms which, taken together,
account for 147 of the 155 Kcal/mole energy difference. This illus-
trates the importance of the electrostatic term in determining the
conformational energy.

B. Test of Force Field Parameters

In the absence of X-ray and NMR data on the conformation of

capped CB -cyclodextrin, the chief test of the force field parameters




is the comparison of the calculated B-CD structure to the available
structural data on B-CD, much of which has been summarized in a recent

review by Saengeral. For example, circular dichroism studies32

have
shown that hydrated B-CD, in contrast to A-CD, undergoes very little
conformational change upon binding a substrate. This is attributed to
the fact that B-CD adopts a '"round” structure in solution33, whereas
the A-CD cavity is somewhat 'collapsed" due to the rotation inward of
one of the glucose units to allow hydrogen bonding between the primary

34

06 hydroxyl and the included water The conformational stiffness of

the round B-CD is attributed to a network of strong intramolecular

hydrogen bonds involving the secondary 02-H and 03-H hydroxy1533. A

neutron diffraction study of B-CD undecahydrate (B-CDel11H,0) at 298K>‘
has shown that the round structure of the macrocycle is stabilized by
a network of "flip-flop" hydrogen bonds between the secondary
hydroxyls of consecutive glucose units. The term "flip-flop" hydrogen
bond is used to describe a statistical average between the hydrogen
bonding arrangements O-H...0 and ©...H-O, with the oxygen atoms

36 of

separated by 2.7 - 3.0 X. At 120K, a neutron diffraction study
B-CD‘llHZO was able to resolve the dynamic "flip-flop" motion into a
complex pattern of homodromic (all hydroxyls pointing in the same
direction) hydrogen bonds involving the secondary hydroxyls and water
molecules both internal and external to the cavity. A pattern of
interglucose hydrogen bonds involving the secondary hydroxyls and
water was also observed in the X-ray structure of B-CD complexed with
1,4-diazabicyclo[2.2.2]octane21.

Although the calculations were carried out in the absence of

solvent, the demonstrated stiffness of the B-CD macrocycle indicates

11




that the structure in vacuo should be similar to that of the complexed
macrocycle. This is supported by the results of the root mean sguare
fit of the calculated structure to that of the macrocycle taken from
the complex with 1,4-diaza[2.2.2]octane21. The fit of the 77
(non-hydrogen) atoms of the macrocycle gave a standard dev:.ation of
0.229. The positions of the secondary hydroxyl oxygens are compared
to those in the X-ray structure in Table II. The distances in tre
table are the absolute magnitude of the differences between the atomic
positions taken from the superimposed calculated and X-ray structures
in the RMS fit. The positions of both the 02 and 03 atoms in each of
the seven glucose fragments are very similar to those of the X-ray
structure. The largest difference is in fragment 6, with 0.360 ® for
the 02 and 0.329 £ for the 03 positions.

The calculated structure of B-CD also shows & network of
intramolecular interglucose hydrogen bonds arranged in a homodromic
fashion: H2 of fragment 1 is hydrogen bonded to 03 of fragment 2, etc.
This is illustrated in Table III. The hydrogen bond lengths range
from 1.88 R to 2.27 & and agree well with the flip-flop hydrogen bond

35

lengths of 1.89 & to 2.12 & from the neutron diffraction study”~ and

the hydrogen bond lengths of 1.72 & to 2.10 & from the X-ray structure
of the B-CD complele. Since discrete solvent molecules were not
included in the calculation, more explicit comparison to the neutron
diffraction homodromic hydrogen bonding pattern cannot be made, as was

37'38. For this

possible with a recent molecular dynamics simulation
reason also, Table VI below does not contain comparisons for torsional

angles involving primary or secondary hydroxyl hydrogens.

12




Selected torsional angles in the calculated structure are com-
pared to those of the neutron diffraction and X-ray structures in
Tables IV-VI. Table IV compares the calculated and experimental
values for each of the six torsional angles within the glucose ring.
The value of the angle is listed for each fragment along with the
average value of the angle. The spread of values, defined as the
absolute value of the difference between the largest and smallest
angles, gives an indication of the variation of the angle over the
fragments. The table shows that there is good agreement between the
calculated and experimental structures. The average values of the
angles Cl1-05-C5-C4, C4-C3-C2-Cl, C3-C2-C1~-05, and C2-Cl-05-C5 agree to
within 1-3° of the average experimental values, while 05-C5~C4-C3 and
C5-C4-C3-C2 are within 5 to 7° of the average experimental values.
The spread of values for each angle over the fragments is low: ranging
from 2.2° for €2-C1-05-C5 to 5.8° for €5-C4-C3-C2 in the calculated
values and up to 9.5° for (€1-05-C5-C4 in the neutron diffraction
study. The calculations, therefore, agree with the experimental

result21

that within the Q -cyclodextrin macrocycle, the 7 glucose
residues are in nearly identical chair conformations.

Table V gives the values of the torsicnal angle connecting
consecutive fragments. Atoms C3, C4, and 04 are on fragment i, while
Cl is on fragment i+l. The calculated values are generally within
range of the experimental values, indicating that the relative orien-
tation of the glucose fragments is similar. The largest difference
between the interglucose torsional angles is for the angle connecting

fragments 2 and 3. 1In this case, the values range from 87.1° {X-ray)

to 101.9° {calculated) to 130.6° (neutron diffraction) and indicates a

13




difference in orientation reguired to bind the substrate,
1,4~diazabicyclo[2.2.2)octane, and included water molecules.

Table VIA reports the torsional angles involving the exocyclic
secondary hydroxyl oxygens, 02 and 03. Again, there is good agreement
between the calculated and experimental results. This is consistent
with the results of Table III since it is the secondary hydroxyl
oxygens which are involved in the interglucose hydrogen bonds noted
above.

Table VIB reports the torsional angles involving the primary
hydroxyl oxygen, 06, for each of the glucose fragments. Ths differ-
ence in the experimental results for fragment 3 (~177.3° in the
neutron diffraction study and 58.0° in the X-ray data) is due to a
different orientation of the 06~H hydroxyl group in binding a water
molecule. In general, the experimental and calculated torsional
angles are in good agreement.

These comparisons indicate that the force field used in the

calculation can reproduce experimental structural data.

C. Comparisnon of \Q —~Cyclodextrin and Capped Q ~Cyclodextrin
Structures

The root mean square fit of 70 (non-hydrogen) atoms of the capped
B-CD macrocycle to the X~ray structure of B-CD gave a standard devia-
tion of 0.815. This is larger than the value for the calculated
B-CD/X~ray fit described in Section B and indicates that, in the
absence of solvent, the addition of caps changes the orientation of
the glucose units of the (2 -cyclodextrin macrocycle from that in the
X-ray structure. This can be seen in more detail from the analysis of

the orientation of the secondary hydroxyl oxygens, the hydrogen

4




bonding pattern, and the torsional angles of capped C? -cyclodextrin
in Tables II-VI.

Table 1I gives the difference in the positions of the secondary
hydroxyl oxygens of capped B-CD compared to those in the X-ray struc-
ture. In general, these differences are significantly larger than the
values for B-CD shown in the second and third columns of the table.
The largest position differences are for fragments 1 (1.431 % and
1.514 & compared to 0.205 & and 0.160 &), 4 (2.327 & and 2.239 %
compared to 0.195 & and 0.056 %), and 6 (1.109 & and 0.771 % compared
to 0.360 & and 0.329 %). This seems to indicate that the addition of
the caps to the glucose fragments of the macrocycle causes a signifi-
cant change in the orientation of the secondary hydroxyl oxygens of
fragments 1, 4, and 6. This can be seen in more detail in Figure 4.
Figure 4A displays the calculated structure of B-CD in the orientation
obtained after fitting to the X-ray structure. Figure 4B shows the
structure of capped B-CD obtained from a similar fit to the X-ray
structure. Both figures give the fragment number in parentheses.
From a comparison of Figures 4A and 4B, it can be seen that in frag-
ments 1 and 4 the caps move out (away from under the macrocycle)
causing the secondary hydroxyls to move in toward the center of the
cavity. In fragment 6, the secondary hydroxyls move out, while the
caps move in, forming a floor to the cavity. Figures 4A and 4B show
that the glucose units of fragments 2, 3, 5, and 7 appear to be in the
same orientation. This agrees with the data in Table II which shows
that the smallest differences in the 02 and 03 positions occur for

these fragments.




Table III gives the distances between atom H2 of fragment i+l and
atom 03 of fragment i in capped B-CD. The homodromic hydrogen bonding
nhetwork is very similar to that of B-CD, except for the larger values
of 2.38 & and 3.31 &% involving fragment 6. Figure 4 has already
illustrated how fragment 6 is twisted so that its secondary hydroxyls
move out, away from under the macrocycle relative to B-CD. This, then,
is the cause of the disruption of the hydrogen bonding network. 1In
fact, fragment 6 is twisted to such a degree that its H2 atom is
almost as close to the glycosidic 04 of fragment 5 (2.46 &) as it is
to the 03 atom of fragment 5 (2.38 ).

The twisting of fragment 6, as well as fragments 1 and 4, noted
in Figure 4 is substantiated by the interglucose torsion angle data in
Table V. The largest differences in the capped B-CD torsion angles
compared to B-CD are for angles involving fragments 1, 4, and 6. For
example, the 7-1 torsional angle is 86.3° in capped B-CD, but 114.6°
in B-CD. The 3-4 angle is 83.3° in capped B-CD, but 128.8° in B-CD.
And the 5-6 torsional angle is 154.7° in capped B-CD, but 137.6° in
B-CD.

However, Table IV shows that the cap substituents have a small
efrect on the internal glucose torsional angles. The average values
reported for capped B-CD are very close to those calculated for B-CD
for each angle. However, the spread of values for each angle is
larger in capped B-CD, reaching 16.8 and 15.5 for 05-C5-C4-C3 and
C5-C4-C3-C2, respectively.

Table VI presents the effect of the caps on the exocyclic primary
and secondary hydroxyl oxygen positions. Table VIA shows that there

is little change in the exocyclic torsion angles involving the
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secondary hydroxyl oxygens compared to B-CD. However, Table VIB shows
generally large changes in the angle C4-C5-C6-N6, involving the
nitrogen of the cap, compared to angle C4-C5-C6-06 in B-CD. This
agrees with the general reorientation of the caps shown in Figure 4.

D. Molecular Rcecognition by Electrostatic Complementarity

The general electrostatic recognition pattern of the
cyclodextrins was investigated by analysis of two-dimensional molecu-
lar electrostatic potential contour maps. The atomic point charges
used in the calculation are given in Table VII. Comparison of the
charges in columns 2 and 3 show that the charges of the glucose atoms
(C1 through 04) are very similar for both the glucose and capped
glucose fragments. The atoms close to the point of attachment of the
cap (05, C5, C6, C4) show the largest difference in charge (0.04 -
0.05) between the glucose and capped glucose fragments.

The molecular electrostatic potential contour map for B-CD in the
X-y plane at z = 0 R is presented in Figure 5. The potential map of
the macrocyclic cavity appears to be very positive and symmetrical
with contours of 30 and 50 Kcal/mol within the perimeter of the cavity
and 0 and 10 Kcal/mol in the external region. The map shows cnly one
small contour of -10 Kcal/mol in the lower left-hand corner of the
figure. At 2z = - 2.0 & (not shown), a plane which is near the secon-
dary hydroxyls on the rim of the cavity, the features of the map are
essentially the same as at z = 0 R. However, from the region external
to the perimeter of the cavity, several contours at -10, -30, and -50
Kcal/mole appear. At z = -4 % (not shown), the map contours are
generally positive and symmetric, the chief feature being a contour of

10 Kcal/mol which follows the shape of the cavity. A few small
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contours of ~10 Kcal/mol and one contour of -30 Kcal/mol appear in the
region external toc the perimeter of the cavity. At -6.0 R (not
shown), the map shows only a single contour level of 0 Kcal/mol.

The maps show that a substrate approaching from the negative z
direction would be presented with a generally positive and symmetric
electrostatic potential pattern by the B-CD macrocycle. The maps show
that the strength of the interaction would increase as the substrate
approached the cavity. The "bull's eye" nature of the pattern would
assist in directing a substrate approaching from an arbitrary direc-
tion into the binding cavity. The maps give a qualitative indication
of the complementary electrostatic potential pattern that must be
presented to the cyclodextrin mimic by a suitable substrate.

The molecular electrostatic potential contour map for capped B-CD
at z = 0 & is presented in Figure 6. Within the perimeter of the
cavity, the features of the capped B-CD map are very similar to those
of the B-CD map at z = 0 8. The chief features are contours of 30 and
50 Kcal/mol, which give a positive and symmetric pattern to the map.
The map differs in the regions where fragments where fragments 1, 4,
and 6 are twisted from their orientation in B-CD. In these areas,
negative contours of -10, =30, and -50 Kcal/mol appear due to the
proximity of the atoms of the secondary hydroxyls of fragments 1, 4,
and 6 to the plane in which the map is calculated.

At z = - 2.0 R (not shown), the map is very similar to that of
B-CD at z = -~ 2.0 X, showing contours of 30 and 50 Kcal/mol within the
perimeter of the cavity. Contours of =10 and -30 Kcal/mol appear in
the areas around fragments 2, 3, 5, and 7. This is due to the fact

that the hydroxyl groups of these fragments are near the plane in
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which the map was calculated. The regions around fragments 1, 4, and
6 appear more positive in the capped B-CD map than in the B-CD map
because the hydroxyls of the fragments are further from the plane
containing the map.

At z = -4.0 & (not shown), the map of capped B-CD is similar to
B-CD within the perimeter of the cavity, with contours of 10 and 30
Kcal/mol presenting a positive recognition pattern. The area external
to the perimeter of the cavity also presents a positive and symmetric
pattern, distinguished by contours at 0 and 10 Kcal/mel. This differs
from the B-CD map at -4.0 % which had several contours of -10 and -30
Kcal/mol in the region external to the cavity.

At z = -6.0 X, the map is similar to that of B-CD in that it is
symmetrical. The capped B-CD map is more positive, however, with a
large contour of 10 Kcal/mol outlining the perimeter of the cavity.

In general, the chief features of the B-CD and capped B-CD
molecular electrostatic potential maps are very similar. The maps are
characterized by a positive and symmetric pattern within the cavity
which is distinguishable at all the distances studied, as well as
negative contours in the planes containing the secondary hydroxyl
groups. This suggests that, although the caps alter the conformation-
al properties of the B-CD macrocycle, they do not significantly alter
the long - range electrostatic potential pattern presented to the
substrate.

IV. DISCUSSION

An important test of any force field is its ability to reproduce

experimental data. In the calculated structure of B-CD, the

homodromic hydrogen bond pattern (Table III) between the secondary
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hydroxyls of adjacent glucose units ~reproduced the general features
of the hydrogen bonding pattern observed in the X-ray and neutron
diffraction data. However, since water molecules were not included in
the calculation, the results cannot show the detailed hydrogen bonding
network involving hydroxyl hydrogens and solvent displayed in the

neutron diffraction data36 37'38.

and molecular dynamics simulations

The force field was also able to reproduce the general features
of the orientation of the secondary hydroxyl oxygens of B-CD (Table
II), as well as the internal glucose (Table IV) and exocyclic torsion-
al angles involving the primary and secondary hydroxyl oxygens (Table
VI). In particular, the calculated interglucose torsional angles
(Table V) were close to the experimental values. This supports the
choice of the 0OS-CH-0S bond angle bending parameters used to supple-
ment the AMBER force field.

The large rate acceleration of capped B-CD compared to B-CD in

5 to the formation of an

acyl transfer reactions has been attributed
intrusive floor by the caps. This floor, by making the cyclodextrin
cavity shallower, may allow the substrate to bind in an orientation
similar to that of the transition state of the complex. The present
work has begun to explore the molecular orientation of the floor
formed by the caps. From a starting structure in which all the caps
were placed under the macrocycle, the caps of fragments 1 and 4 moved
out, twisting the glucose fragments and turning the corresponding
secondary hydroxyls in toward the center of the cavity. Conversely,
the secondary hydroxyls of fragment 6 moved out, while the cap moved
in, covering part of the cavity. This may indicate that there is too

much steric hindrance for all the caps to be under the macrocycle

20
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simultaneously. In order to determine whether these effects are an
artifact of the choice of starting structure for the minimization
procedure, distance geometry39 is being used to generate new starting
structures for additional molecular mechanics analysis. Similarly,
the effect of solvent on the orientation of the "caps" is being
explored through molecular dynamics simulation.

The present results show that the reorientation of the caps
affects the position of the secondary hydroxyls such that some ci them
point in towards the center of the cavity. This suggests <the
possibility that the observed rate enhancement may be due tc a
combination of factors: the partial floor forces the substrate ur
towards the rim, while at the same time, a hydroxyl group is movel i-
“towards the substrate, facilitating an arrangement close =c <the
geometry of the transition state of the complex. Adéitional mclecular

mechanics studies of the mimic - substrate complex are being carrie

out in this labcratory to explore this hypothesis.

Recently, in  separale molecular mechamcs  studies  using  tne
MacroMode!*’ program with the MM2 force field optior. supplemented wiir
parameters for ferrocene substrates, the Menger“ and Bresiow*? groups
concluded that the very high rate acceleration exhibited by the
p-nitrophenyl  ester  of ferrocenylacrilic  acid, compared to other
substrates, was no: due to differences in initial binding geometries
Rather, distortion in the ester linkage of the cyclodextrin “acvi-enzyme”
mode! was seen to destabilize the product and lower the acceleration for
leaving groups poorer than p-nitrophenyl. Work is in progress to exam:ne

these effects for substrate binding to capped cyclodexirin.
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_ results presented here
iIn summary, the suggest that certain structurzl fea-

tures of molecular recognition may be altered by the addizicn of cao
sSubstituents to the B-CD macrocycle. Comparison of the 2-ID and
capped B-CD structures calculated in vacuo shows differences irn the
orientation of the secondary hydroxyls due to twisting of some ¢f the
glucose fragments to avoid unfavorable steric interactions. Tnese
structural components ©f molecular recognition may be Implicated :in
the catelysis since the secondery hviroxyl oxvoen mimics the Ser-l&:
of chymectrypsin in  initiating the acyl <transfer event throu

nucleophilic attack on the substrate. This will be further cz_cred

through studies cn the effect of solvent and included substrate co

cornformation cf <he E-CD macrocycie.

In contrast, comparison cf the meclecular elecsrostatic potential

peyet

~hat +the nmualitative fesztures

patterns cf B-CD and capped E~CD showed

of electrostatic recognitieon are similar Iin both macroTyc.es. Tne
glterazTicr ¢ tns

addizion cf the cap substituents causel cr.ly subtle &l

molecular electrostatic recogriticn patiern
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Figure

Figure

Figure

Figure

Figure

Figure

4A.

4B.

Legend to Figures

Atom labelling scheme for glucose fragment; united atom
approximation. Atoms Cl1l, C2, C3, C4, and C5 are AMBER atom
type CH; 02, 03, and 06 are type OH; H2, H3, and H6 are

type HO; 04 and O5 are 0S; and C6 is type C2.

Atcm labelling scheme for "capped" glucose fragment; united
atom approximation. Atom types are the same as in Fig.1
with the addition of N6 (type N), C7 (type C3), C8 (type

C), and 08 (type O).

Starting structure for minimization of the "capped" é -
cyclodextrin macrocycle.

Structure of 5 -cyclodextrin after minimization and
superposition onto X-ray structure. Secondary hydroxyl
oxygens are labelled. Fragment number is given in

parentheses.

Structure of '"capped" Q -cyclodextrin after minimization
and superposition onto X-ray structure. Secondary hydroxyl
oxygens are labelled. Fragment number is given in

parentheses.

Molecular electrostatic potential of (3 -cyclodextrin in

the x-y plane at z = 0 &. The structure of the macrocycle




Figure 6.

is superimposed on the map.

Molecular electrostatic potential of "capped" <2 -cyclo-

dextrin in the x-Yy plane at z = o0 &. The structure of the

macrocycle is superimposed on the map.
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Table I. Conformational Energy of Cyclodextrins

Total® Bond Angle Dih. vVan der Elec. HB 1-4 1-4
waals VDW Elec.
B-CD 461.5 4.3 9.2 69.1 -24.5 -477.4 -5.4 17.9 868.3
Capped
774.2

B-CD 306.5 4.6 12.8 60.1 -39.3 -530.3 -4.0 28.4

a. Total energy (in units of Kcal/mol) is broken down into bond
stretching, angle bending, dihedral angle, van der Waals,
electrostatic, hydrogen bond, 1-4 van der Waals, and 1-4
electrostatic contributions.
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Table II. Comparison of Calculated and x-raya Secondary Hydroxyl

oxygen Positionsb

Fragment B-CD Capped B-~CD

Number 02 o3 02 o3
1 0.205 0.160 1.431 1.514
2 0.127 0.235 0.496 0.627
3 0.170 0.248 0.251 0.197
4 0.195 0.056 2.327 2.239
5 0.166 0.154 0.412 0.515
6 C.360 0.329 1.109 0.771
7 0.189%9 0.224 0.608 0.631

a. The X-ray coordinates are taken from references 21 and 22.

b.

Distances (in Angstroms) are calculated as the absolute value of
the difference between the calculated and X-ray positions after
structural superposition (see text).
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Table III. Interglucose Hydrogen Bonds
Fragmem:sa Hydrogen Bond Distanceb
B~CD Capped B-CD
1 -2 1.89 1.92 [
2 -~ 3 1.94 1.985
- 1.88 1.86
4 - 5 2.00 1.89
5 -6 2.27 2.38
6 - 7 1.92 3.31
7 -1 1.90 1.93
‘
a. Hydrogen bonds are formed between atom H2 of fragment i+l and atom 1

03 of fragment }i.
b. Distance given in Angstroms.
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Table IV. Comparison of Glucose Internal Torsional Angles

-Cyclodextrin Capped B-CD

Anglea Fragment Neutronb X-rayc Calculated Calculated
C1-05-C5-C4 1 60.9 61. 58.0 63.0
2 61.4 57. 59.1 €2.32
3 56.4 64. 60.3 59.8
4 58.0 60. 56.2 61.9
5 64.6 60. 61.1 62.3
6 61.8 61. 60.7 64.7
7 55.1 58. 58.9 56.3
Average 59.3 60 59.2 61.5
Spreadd 9.5 6. 4.9 8.3
05-C5-C4-C3 1 -57.2 -55. -47.7 -54.6
2 -58.1 -52. -47.2 -46.1
3 -50.2 -61. -51.3 -46.1
4 -53.1 ~56. -47.9 -55.4
5 -59.4 -55. -£2.6 -47.6
6 -55.6 -56. -51.9 -56.8
7 -49.7 -56. -48.3 -39.9
Average -54.7 ~56. -49.6 -49.5
Spread 8.4 9. 5.4 16.9




Table IV. (continued)

C5-C4-C3-C2 1 54.6 53.0 47. 50.8
2 56.3 53.5 45. 39.3

3 51.1 57.8 49. 43.2

4 54.2 56.3 49. 54.6

5 54.2 55.4 50. 44.1

6 53.5 54.0 49. 50.9

7 51.2 57.5 46. 39.1

Average 53.6 55.4 48. 46.1
Spread 5.1 4.8 5. 15.5
C4-C3-C2-C1 1 ~53.6 -53.6 -52 -50.9
2 -54.7 -54.7 -50. -44.6

3 ~-54.7 -52.6 -51 -48.9

4 -56.3 -55.7 -54 -51.¢C

5 -50.1 -55.2 -52 -50.0

6 -53.6 -54.1 -51 -48.7

7 -53.6 -57.7 -49 ~49.6

Average -53.8 -54.8 -51. ~49.1
Spread 6.2 5.2 5. 6.3
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Table IV. (continued)

C3-C2-C1-05 1 55.1 56.6 58.0 54.
2 55. 4 58.9 58.1 55.

3 58.6 53.0 55.8 57.

4 58.7 57.0 59.3 55.

51.7 57.8 56.0 59.

6 56.6 56.2 56.2 51

7 58.0 57.7 56.3 61.

Average 56.3 56.7 57.1 56.
Spread 7.0 5.9 3.4 3.
C2-C1-05-C53 1 -60.3 -61.6 -63.4 -62.
2 -59.% -61.5 -64.7 -67.

-60.8 -60.7 -62.8 -65.

4 ~-60.8 -61.0 -62.5 -61.

5 -60.0 -61.8 -63.6 -67.

6 -62.9 -60.5 -63.6 -61.

7 -59.7 -59.2 -63.5 -67.

Average -60.6 -60.9 -63.5 -64.
Spread 3.5 2.6 2.2 6.

a. In degrees. See Figures 1 and 2 for atom labelling scheme.

b. From references 22 and 35.
c. From references 22 and 21.

4. Spread is defined as the absolute value of the difference between

the largest and smallest angles.
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Table V. Interglucose Torsional Angles

p -Cyclodextrin Capped B-CD
Anglea Fragment Neutronb x-rayc Calculated Calculated
C3-C4-04-C1 1 -2 125.4 137.3 134.7 137.3
2 -3 130.6 87.1 101.9 98.6
3 -4 114.2 128.8 128.8 83.3
4 -5 140.3 133.4 134.4 125.3
5 ~6 134.3 132.1 137.6 154.7
6 ~ 7 119.0 113.4 100.2 106.4
7 -1 129.8 123.2 114.6 86.3

a. In degrees. See Figures 1 and 2 for atom labelling scheme.
Torsional angle involving atoms C3, C4, and 04 of fragment i and
atom Cl of fragment i+l.

b. From references 22 and 35.

c. From references 22 and 21.




| L b Dl

-
I
Table VI. Exocyclic Torsional Angles
A. Involving Secondary Hydroxyl oxygens
(2 -Cyclodextrin Capped B-CD
Anglea Fragment Neutronb x-rayc Calculated Calculated
05~C1-C2-02 1 -179.9 ~-183.1 -179.6 -182.1
2 -179.7 ~177.7 -176.1 -178.3
180.0 174.0 178.2 180.5
4 ~178.6 ~182.7 ~176.5 -182.7
5 175.0 180.7 179.2 186.3
6 177.6 178.8 179.7 176.6
7 -179.4 -179.1 ~-181.6 ~176.0
Cl-C2-C3~03 1 -174.9 -173.5% -176.0 -173.3
2 -176.6 -175.0 -174.0 -167.8
3 -176.1 -173.2 -175.7 -173.6
4 -175.7 -173.8 -177.4 -179.0
5 -174.9 -174.3 -175.7 -172.5
6 -171.9 -172.8 -174.7 -172.6
7 -175.0 -178.4 -173.7 -173.9

a. In degrees. See Figures 1 and 2 for atom labelling scheme.
b. From references 22 and 35.
c. From references 22 and 21.
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Table VI. {(continued)
B. Involving Primary Hydroxyl Oxygens
gz-Cyclodextrin Capped B-CD
Anglea Fragment Neutronb X-rayc Calculated Calculated
C4-C5~-C6-~06 1 58.3 54.4 61.6 ~-164.3
(B~CD} 2 50.3 59.6 63.2 -171.0
3 -177.3 58.0 64.6 -164.8
or 4 57.1 58.4 64.4 -159.7
5 -168.8 ~172.4 -165.7 -170.4
C4-C5-C6~N6 6 -174.4 -175.5% -162.7 ~-169.3
{capped B-CD) 7 60.6 54.4 62.6 -168.1

a. In degrees.

See Figures 1 and 2 for atom labelling scheme.
b. From references 22 and 35.
c. From references 22 and 21.




Table VII. Atomic Point Charges®
Atom Charge
Glucose Capped Glucose

C1 | 0.1779 C.1481
c2 0.2687 0.2375
02 -0.5452 -0.5316
H2 0.2670 0.2706
c3 0.4826 0.5029
03 -0.5852 ~0.5605
H3 0.2970 0.2830
05 -0.5027 -0.4474
Cc5 0.3887 0.4459
cé 0.1661 0.1226
C4 -0.0696 -0.1140
04 -0.1664 -0.1863
06 -0.4992 seme--
H6 0.3200  ==e---
N6 —ve——- -0.4490
c7T eeea=a 0.2037
c8  eeeea- 0.4728
o8  e,eeaa- -0.3983

a. Potential derived charges, STO-3G basis set, united atom

peom

approximation.
b. See Figures 1 and 2 for atom labelling scheme.
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